The relative modification of the prompt ψ(2S) and J/ψ yields from pp to PbPb collisions, at the center of mass energy of 5.02 TeV per nucleon pair, is presented. The analysis is based on pp and PbPb data samples collected by the CMS experiment at the LHC in 2015, corresponding to integrated luminosities of 28.0 pb −1 and 464 µb −1 , respectively. The double ratio of measured yields of prompt charmonia reconstructed through their decays into muon pairs, (N ψ(2S) /N J/ψ ) PbPb /(N ψ(2S) /N J/ψ ) pp , is determined as a function of PbPb collision centrality and charmonium transverse momentum p T , in two kinematic intervals: |y| < 1.6 covering 6.5 < p T < 30 GeV/c and 1.6 < |y| < 2.4 covering 3 < p T < 30 GeV/c. The centrality-integrated double ratios are 0.36 ± 0.08 (stat) ± 0.05 (syst) in the first interval and 0.24 ± 0.22 (stat) ± 0.09 (syst) in the second. The double ratio is lower than unity in all the measured bins, suggesting that the ψ(2S) yield is more suppressed than the J/ψ yield in the explored phase space.
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Quarkonium production is expected to be significantly influenced by the formation of a quarkgluon plasma (QGP) in heavy ion collisions, thereby providing an important probe of the QGP properties. While the early-formed mesons propagate through the medium and probe its space-time evolution, the overall production rates can also reflect later production mechanisms. The suppression of charmonium production due to Debye screening of the color charges in the plasma was proposed 30 years ago [1] . The J/ψ suppression observed in PbPb collisions at the SPS by NA50 [2] and in AuAu collisions at RHIC by PHENIX [3] is compatible with this picture. Another effect, referred to as regeneration, might be at work at sufficiently high collision energy, when the number of charm-anticharm pairs is large: uncorrelated charm quarks and antiquarks may coalesce in the medium to form a bound charmonium state, leading to an enhanced production in heavy ion collisions [4, 5] . Hints of the latter were found at the LHC in recent results from ALICE [6, 7] , which measured a weaker J/ψ meson suppression than at RHIC, especially at low p T .
The study of the modification of the excited ψ(2S) state is of particular interest. The strength of medium effects on its production might be significantly different from that of the J/ψ because of the larger size and weaker binding of the ψ(2S) state. The smaller binding energy should make it easier for the ψ(2S) to dissociate in the medium, leading to sequential melting [8] . However, the smaller production cross section and branching fraction to dimuons make the ψ(2S) less accessible experimentally than the J/ψ, especially when a large background is present, such as in heavy ion collisions. At the SPS fixed-target facility, the ψ(2S) production in heavy ion collisions was seen to be more suppressed than the J/ψ by NA38 [9], NA50 [10] , and NA60 [11] , in SU, PbPb, and InIn collisions, respectively.
A useful variable to compare the strength of medium effects on the J/ψ and ψ(2S) in PbPb collisions is the double ratio (N ψ(2S) /N J/ψ ) PbPb /(N ψ(2S) /N J/ψ ) pp , which is the ratio of the corresponding nuclear modification factors. While Debye screening in the hot medium should make the double ratio smaller than unity, the presence of regeneration effects could make it exceed unity, if uncorrelated quark coalescence produces ψ(2S) mesons more frequently than J/ψ mesons. The double ratio allows for the partial to total cancellation of corrections (including acceptance, efficiency, and integrated luminosity) and their associated uncertainties. The CMS measurement of the prompt charmonium double ratio at a center-of-mass energy per nucleon pair of √ s NN = 2.76 TeV [12] showed that the ψ(2S) is more suppressed than the J/ψ at midrapidity and high transverse momentum (|y| < 1.6, 6.5 < p T < 30 GeV/c), while at more forward rapidity and intermediate p T (1.6 < |y| < 2.4, 3 < p T < 30 GeV/c), a smaller suppression of the ψ(2S) than the J/ψ was favored. This behavior could be reproduced by introducing a different time dependence of the J/ψ and ψ(2S) regeneration processes [13] , or by considering different possible heavy quark potentials [14] . A similar measurement from the ALICE experiment [15] , integrated over p T and at forward rapidity (2.5 < y < 4), favored the ψ(2S) to be more suppressed than the J/ψ, as expected in other models [16, 17] . The medium effects (Debye screening, regeneration, and others) affecting the two charmonia might have different dependences on the collision energy, emphasizing the relevance of performing measurements at several energies.
In this Letter, we report a new study of J/ψ and ψ(2S) relative production in pp and PbPb data collected with the CMS experiment at the CERN LHC in 2015, at √ s NN = 5.02 TeV. The larger integrated luminosities allow for a more precise and differential measurement of the double ratio as a function of centrality and, for the first time, as a function of the charmonium p T . Hadronic collisions are selected using information from the forward hadron calorimeters (HF), covering 2.9 < |η| < 5.2, in coincidence with a bunch crossing identified by beam pick-up timing detectors. A primary vertex reconstructed with at least two tracks is also required. In addition, a filter is applied on the compatibility of the silicon pixel cluster width distribution and the vertex position. For PbPb collisions only, at least three towers above 3 GeV are requested in the HF on each side of the interaction point. Centrality is defined using fractions of the inelastic hadronic cross section determined from the HF distributions, with 0% denoting the most central collisions [20] .
The integrated luminosities are 28.0 pb Simulated events are used to tune the muon selection criteria and the signal fitting parameters, as well as for acceptance and efficiency studies. These Monte Carlo (MC) samples, produced using PYTHIA 8.209 [21] , are embedded in a realistic PbPb background event generated with HYDJET 1.9 [22] and propagated through the CMS detector with GEANT4 [23] . These events are processed through the trigger emulation and the event reconstruction chain.
The muon reconstruction algorithm starts by finding tracks in the muon detectors, which are then fitted together with tracks reconstructed in the silicon tracker. Kinematic limits are imposed on the single muons so that their reconstruction efficiency stays above 10%. These limits are p
, and linearly interpolated in the intermediate |η µ | region. The muons are required to match those used online by the dimuon trigger, to be of opposite charge, and to survive standard quality selection criteria [18] . In order to remove cosmic-ray muons, the transverse and longitudinal distances of closest approach between the muon trajectory and the reconstructed primary vertex are required to be less than 0.3 cm and 20 cm, respectively. The fit probability that the two muon tracks originate from a common vertex is required to be larger than 1%.
Nonprompt charmonia, originating from the decays of B mesons, are resolved using the pseudoproper decay length 3D J/ψ = c L xyz m J/ψ /|p µµ |, where L xyz is the distance between the primary and dimuon vertices, m J/ψ the mass of the J/ψ meson (assumed for all dimuon candidates), and p µµ the dimuon momentum. Dimuons are discarded if their 3D J/ψ is larger than a l 0 threshold, computed using MC simulations to keep 90% of the prompt J/ψ. Since the 3D J/ψ resolution im-proves with increasing dimuon p T , from ≈100 µm to ≈20 µm in this analysis, the l 0 cut values also depend on p T . This selection removes more than 80% of the nonprompt J/ψ. The double ratio of prompt charmonia is deduced from the double ratio of charmonia passing the 3D J/ψ selection. This is accomplished taking into account the 3D J/ψ selection efficiencies for prompt ( P ) and nonprompt ( NP ) charmonia, both estimated from simulation studies. The contamination from nonprompt charmonia is also accounted for, using dimuons failing the 3D J/ψ selection: f P = ( f pass − NP )/( P − NP ), with f P the fraction of prompt charmonia and f pass the fraction of charmonia passing the 3D J/ψ selection. This correction changes the double ratio by values that depend on the analysis bin but are always smaller than 0.09.
The ψ(2S) to J/ψ yield ratios, N ψ(2S) /N J/ψ , are extracted in pp and PbPb collisions from unbinned maximum extended likelihood fits of the µ + µ − invariant mass distributions in the region 2.2 < m µ + µ − < 4.5 GeV/c 2 . The analysis is carried out differentially in charmonium p T and event centrality, as well as integrated over these variables, for two kinematic ranges: |y| < 1.6, 6.5 < p T < 30 GeV/c and 1.6 < |y| < 2.4, 3 < p T < 30 GeV/c. The different lower p T thresholds reflect the detector acceptance.
In the fit of the pp dimuon mass distribution, the J/ψ resonance is described by two Crystal Ball (CB) functions [24] , with common mean and tail parameters but independent widths and free relative amplitudes (seven free parameters). In the PbPb case, the CB tail parameters and the ratio between the widths of the two CB functions are fixed to the values extracted from simulation studies. In both cases, the shape of the ψ(2S) is determined by the shape of the J/ψ, all parameters being identical except for the mean and width, which are scaled by the ψ(2S) over J/ψ mass ratio. The background is described by a polynomial of order N, where N is the lowest value that provides a good description of the data and is determined in each analysis bin by performing a log-likelihood ratio (LLR) test between polynomials of different orders, while keeping the signal parameters fixed; it is never larger than 3.
Integrated over centrality, rapidity, and p T , the fits yield about 38 000 (293 000) J/ψ and 530 (11 200) ψ(2S) mesons in PbPb (pp) collisions. Examples of such fits for the PbPb data are shown in Fig. 1 , for two cases of very different ψ(2S) signal-to-background ratios.
The systematic uncertainties arise from the signal and background fitting model assumptions, the imperfect efficiency cancellation, and the nonprompt residual contamination. These uncertainties are derived separately for pp and PbPb data, and the total systematic uncertainty is computed as the quadratic sum of the partial terms.
In order to determine the uncertainty associated with the fitting procedure, the signal and background models are independently varied in each analysis bin. For the signal, the fixed parameters are released one by one. As a further test, the signal parameters are fixed to the values obtained from a ψ(2S) simulation, instead of the J/ψ simulation. A different signal shape is also tried: a CB function plus a Gaussian function. For the background model, the fitted mass range is varied and an exponential of a polynomial is used, redoing LLR tests to choose the best order for the polynomial in each analysis bin. The maximum difference of the single ratio N(ψ(2S))/N(J/ψ) between the nominal and alternative fits, performed for signal and background separately, is taken as the corresponding systematic uncertainty. These uncertainties depend crucially on the signal-to-background ratio in the ψ(2S) region. The absolute uncertainties on the double ratio remain below 0.02 and 0.11 for the pp and PbPb contributions, respectively.
The nonprompt J/ψ and ψ(2S) fractions in pp collisions, as well as the J/ψ fraction in PbPb collisions, are validated with two-dimensional fits to the dimuon mass and pseudo-proper decay Figure 1 : Invariant mass spectrum of µ + µ − pairs (restricting to the ψ(2S) region in the insets) in PbPb collisions for (left) |y| < 1.6, 9 < p T < 12 GeV/c, all centrality, and (right) 1.6 < |y| < 2.4, 3 < p T < 30 GeV/c, 0-20% centrality. The results of the fits described in the text are also shown. length distributions [25] . The PbPb event sample does not have enough ψ(2S) events to provide a reliable two-dimensional fit. The variation in the double ratio when using nonprompt fractions from the two-dimensional fits is taken as a systematic uncertainty, never exceeding 0.07.
Finally, residual noncancellations of efficiencies in the double ratio are evaluated with MC studies, considering a broad range of p T spectra compatible with the pp and PbPb data within their uncertainties. The corresponding systematic uncertainty varies between 0.01 and 0.05, with the exception of the lowest p T bin, where it reaches 0.10. If the quarkonium acceptances were different in pp and PbPb, they would not perfectly cancel in the double ratio. This would be the case if some physics effects (such as polarization or energy loss) would affect quarkonia in PbPb collisions with a strong kinematic dependence within an analysis bin. As in previous analyses [12, [26] [27] [28] , such possible effects are considered as part of the physics under study and not as systematic uncertainties.
The measured double ratio is shown in Figs. 2 and 3 as a function of p T and event centrality, respectively. Centrality is commonly represented by the average number of participating nucleons, N part , computed with the Glauber model [29] . In terms of centrality percentiles, the bins correspond to 0-10, 10-20, 20-30, 30-40, 40-50, and 50-100% in the midrapidity region, and 0-20, 20-40, and 40-100% for the forward rapidity region. The most "peripheral" bins are rather wide and, since quarkonium yields scale with the number of nucleon-nucleon collisions, most charmonia are produced close to the most central edge of the bins. The N part values used in the following are computed for events following a flat centrality distribution. When the measured double ratio is consistent with zero within one standard deviation of its statistical uncertainty, its corresponding 95% confidence level (CL) interval is computed, using the Feldman-Cousins procedure [30] . The numerical values of all measurements, including the 95% CL intervals, are tabulated in Appendix A.
The rightmost panels in Fig. 3 show the double ratio integrated over p T and centrality: 0.36 ± 0.08 (stat) ± 0.05 (syst) in the |y| < 1.6 and 6.5 < p T < 30 GeV/c range, and 0.24 ± 0.22 (stat) ± 0.09 (syst) in the 1.6 < |y| < 2.4 and 3 < p T < 30 GeV/c range.
The double ratios measured at 5.02 TeV and reported in this paper are below unity in all bins. Assuming that the J/ψ is suppressed in PbPb collisions at √ s NN = 5.02 TeV, as suggested by results at lower energy in the same kinematic range by CMS [25] or at both energies but in a different rapidity range by ALICE [6, 7] , the ψ(2S) is more suppressed than the J/ψ in PbPb collisions. This difference in suppression is already present in the most peripheral ranges probed by this analysis, starting at 40 or 50% centrality. No strong dependencies are observed with centrality or transverse momentum.
(GeV/c) In Fig. 3 , a reasonable agreement with the measurement made at √ s NN = 2.76 TeV can be seen in most of the bins. Systematic uncertainties are uncorrelated between the two datasets. In the range 1.6 < |y| < 2.4 and 3 < p T < 30 GeV/c, the double ratios are consistently lower in the 5.02 TeV data, especially in the most central collisions. The difference is at the level of around 3 standard deviations in the centrality-integrated sample.
In summary, the double ratio (N ψ(2S) /N J/ψ ) PbPb /(N ψ(2S) /N J/ψ ) pp was measured to compare the relative production of J/ψ and ψ(2S) mesons in pp and PbPb collisions at √ s NN = 5.02 TeV, as a function of transverse momentum and collision centrality. The double ratio is below unity in all bins, suggesting that the ψ(2S) yield is more suppressed than the J/ψ yield in the kinematic range explored. The 5.02 TeV data do not show the enhancement in the double ratio previously seen for collisions at 2.76 TeV in the 1.6 < |y| < 2.4 and 3 < p T < 30 GeV/c range. No strong variations are observed with charmonium p T or collision centrality. These results should significantly contribute to a deeper understanding of the medium effects at play in J/ψ and ψ(2S) production, in particular by better constraining the energy dependence of the regeneration effects potentially affecting the two charmonium states.
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